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ABSTRACT 
The work performed in this research is aimed at developing two repeatable 
methods for imaging spherically expanding flames operated in a constant volume flame 
vessel. The first, passive diagnostic method imaged the chemiluminescence emission of 
radicals OH* and CH* in a range of flame equivalence ratios (0.7–1.3) at a rate of 2 kHz, 
and the data were used to measure the laminar flame speed via the same image processing 
used for measuring laminar flame speed using conventional schlieren imaging 
experiments. The optical filters for OH* and CH* (315 ± 15 nm and 434 ± 17 nm, 
respectively) applied to the high-speed, intensified imaging system created volume-
integrated species-specific images of spherically expanding flames. The radial profiles 
of Abel inverted images showed a clear intensity peak near the edge of the flame 
corresponding to the flame front. The full-width-at-half-maximum (FWHM) in these 
radial profile curves estimated a thickness of the radical zone at the edge of the flame, 
and these thicknesses were on the order of 1mm, and their time histories were evaluated. 
The second experimental method introduced a laser excitation source for single-shot 
planar laser-induced fluorescence (PLIF) of the hydroxyl radical (OH). The PLIF 
apparatus was optimized to create a repeatable timing sequence to open the camera 
exposure gate over a single laser pulse, and the resulting images showed two-
dimensional spatial distribution of ground-state OH in the methane-air flames. 
Quantitative OH calibration was performed using a Hencken calibration burner to 
compute a number-density to pixel-intensity ratio for each equivalence ratio, and this 
ratio was applied to the images to show absolute OH number densities in the 2-D plane 
iii 
of the flame. The images show a time-series of the propagation of a stoichiometric, 
methane-air flame and the change of OH concentration at a fixed flame radius across a 
range of equivalence ratios (0.7–1.3).  Radial profiles of OH reveal differences between 
lean and rich flame radical gradients. Proof-of-principle OH PLIF images of a turbulent 
flame is also presented. Future experiments will use this data for validating detailed 
chemical kinetics models of spherically expanding flames. 
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CHAPTER I  
INTRODUCTION 
Combustion diagnostics is a way to experimentally develop chemical kinetics 
models and characterize flames in various combustion devices. Machines that depend on 
developments from combustion research include but are not limited to internal 
combustion engines, gas turbines, and jet engines. These dynamic environments and 
many others contain combustion reactions with high heat release at a wide range of 
temperatures and pressures. Different gas mixtures will react differently under these 
conditions, effecting overall combustion efficiency and pollutant formation. 
Characterizing the behavior of certain mixtures in specific initial conditions is useful for 
developing the models for the combustors. The introduction of lasers to probe 
experimental combustion apparatuses is a way to non-intrusively probe flames to take 
measurements related to species number densities, temperature, pressure, flow 
dynamics, and other parameters that characterize a flame. To develop a successful and 
repeatable apparatus for applications in combustion diagnostics requires previous 
knowledge of many different areas such as optics and lasers, chemical kinetics, 
thermodynamics, fluid mechanics.  
This thesis will describe in full detail the background, methods, and results of 
two separate combustion diagnostic experiments in canonical configurations of 
spherically expanding flames commonly used to obtain the laminar and turbulent flame 
speeds. The first of the two experiments is high-speed chemiluminescence imaging that 
takes advantage of the natural light emission from electronically-excited combustion 
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radicals. Several approaches of analyses for flame speed as well as chemical species time 
histories were performed to develop an understanding of the evolution of spherically 
expanding, laminar flames.  The second set of experiments, hydroxyl radical planar laser-
induced fluorescence (OH PLIF), introduced the application of an excitation source: a 
tunable dye laser. As described in detail within the second half of this thesis, OH PLIF 
reveals spatially resolved ground-state OH number densities which is one step further 
than that of chemiluminescence, albeit with added experimental difficulties. Such 
measurements are imperative for validating complex combustion mechanism in variety 
of hydrogen and hydrocarbon fuel mixtures under realistic engine operating conditions.  
Chapter II presents a review of literature related to the topics at hand. A brief 
overview is made of the mechanics of electronic excitation of radicals present in 
combustion reactions, followed by a review of the various experiments used in laminar 
flame studies. Chapter III details the apparatus configuration for high-speed 
chemiluminescence imaging, describes the process of performing Abel inversion of 
LOS-integrated images, and presents the results from the experiments. Chapter IV 
describes the apparatus for single-shot planar laser-induced fluorescence of OH in the 
same spherically expanding flames as in Chapter III, followed by a presentation and 
discussion of the data obtained in these experiments. The conclusions of the data and 
suggestions to improve the experiments in future work are made in Chapter V.  
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CHAPTER II  
LITERATURE REVIEW 
1. Chemiluminescence Imaging of Combustion Radicals 
a. Electronic Excitation of Radicals 
Energy transfer in a chemical reaction occurs as bonds break and new bonds are 
formed, and atoms and molecules collide with one another, and molecules formed in the 
intermediate reactions that contain an unpaired valence electron that are affected by this 
energy transfer. These unstable molecules referred to as radicals, and although they have 
short lifetimes, they are present for enough time to collide with nearby particles and 
absorb some kinetic energy. The kinetic energy is absorbed by the unpaired valence 
electron, which enters an electronically excited state. After some time, that electron 
releases the energy as it transitions back to ground state, emitting a photon. Figure 1 
illustrates this excitation and emission process.  
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Figure 1: Representation of electronic excitation and resulting 
chemiliuminescence of a diatomic radical such as OH or CH. 
 
The quantum, electronic and ro-vibrational energy levels of a molecule are 
discrete, and numerous studies have been conducted regarding their quantization [1–3]. 
Work done by Bennett et al. evaluated the lifetime of electronically excited OH denoted 
by OH*, and their results concluded that OH* resides in the first excited state for 0.99 
𝜇s extrapolated to zero pressure. This information is important when considering 
imaging gate widths, as discussed in the experimental section of the thesis. Typically, 
these electronic transitions emit photons in the ultraviolet band, ranging from 10–400 
nm wavelength, but some weak emissions are in the visible range over 400 nm. Photon 
energies of emissions are characteristic of radicals, and knowing their wavelengths 
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allows imaging of specific species.  Also measuring the total spectra can be used to 
determine the electronically-excited species present in a reaction.  
b. Laminar Flame Studies 
In combustion research, there are an array of experimental configurations used 
to produce laminar flames including the burner-stabilized flat flame, the constant-
volume, spherically expanding flame, and the counterflow flame [4–6]. The propagation 
rate of a laminar flame is critical for developing the fundamentals of flame kinetics 
models. Although there are multiple techniques for measuring the laminar flame speed, 
each technique has its own advantages and limitations, and each are applicable within 
discrete pressure ranges that typically determine the technique necessary for a given 
study. A survey of these techniques was conducted by Egolfopoulos et al. [4].  
Low-pressure flame studies less than one-tenth of an atmosphere have been 
conducted with flat burner-stabilized flames, because flame thickness at these pressures 
is large enough for a probe to measure temperature and species concentrations. 
Instabilities and heat loss are induced by the probe, but these effects can subsequently be 
corrected. At higher, sub-atmospheric pressures the burner-stabilized flames are used to 
measure the flame speed via the heat flux method [7]. The first successful study of this 
kind was conducted by Van Marren et al., and they measured the laminar burning 
velocity of methane/air approximately 6 cm/s lower than ~41 cm/s reported in previous 
studies, revealing the effects of heat loss and stretch that should be accounted for [8]. 
Other fuels used in the same study showed similar comparison with previous data, that 
previous measurements overestimate the adiabatic laminar flame speed.  
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At pressures slightly greater than atmospheric, the counterflow flame apparatus 
has been used for measuring the laminar flame speed by the LDV technique [9,10]. The 
counterflow twin flame uses two flames impinging on each other with a nitrogen co-flow 
to reduce effects from the surrounding environment. Non-combusting seed particles such 
as alumina particles are added to the flow, and a laser doppler velocimetry setup tracks 
the particle flow within the combusting gases. This technique is useful for measuring 
limits of ignition and extinction, species concentration, and laminar burning velocity 
[11]. Unfortunately, heat loss effects prevent experimenters from recording meaningful 
data in sub-atmospheric pressures.  
At atmospheric pressure and higher pressures up to tens of atmospheres, the 
constant-volume vessel can produce spherically expanding flames from a quiescent 
premix of gases. Spherically expanding flames are created within a constant-volume 
vessel by creating a mixture of fuel and oxidant within the vessel, and the equivalence 
ratio and initial pressure are controlled by pressure gauges. When the proper mix is 
achieved, a spark is created in the center of the vessel, and from this spark the flame front 
propagates through the fluid to the vessel walls. Because the mixture is homogenous and 
quiescent, the flame propagation is the same in all directions from the center, resulting 
in a spherically expanding flame. The laminar flame speed is measured via a schlieren 
optical apparatus that images the density gradient within the vessel through windows in 
the vessel walls. A sample of images that result from a spherically expanding flame 
propagation experiment with schlieren imaging is provided in Figure 2. Images like these 
are then processed with an edge detection algorithm, which detects the edge of the flame 
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in each image to calculate the change in radius over time. After correcting for stretch and 
multiplying by the density ratio of the unburned and burned gases, the laminar flame 
speed is calculated.  
 
Figure 2: Set of schlieren images for a 1 atm mix of methane/air (𝝓 = 1.1). 
Sequential images are separated in time by 5 ms.  
   
The limit of spherically expanding experiments is in the sub-atmospheric regime 
due to the increase in ignition radius, but the constant-volume vessel can achieve 
pressures unattainable by the stagnation and burner-stabilized flames [12–19]. Other 
effects in spherically expanding flames are due to buoyancy and thermal cellular 
instabilities. In slower flames, gas density ratio can be great enough such that the 
spherical flame translates upward through the unburned gas mixture due to buoyancy, 
clearly affecting the laminar flame speed calculation. In high-pressure experiments, 
flames appear to have wrinkles that are recognized as thermal cellular instabilities, and 
in flames where this instability is great, edge detection prevents laminar flame speed 
calculation. In more recent work, the constant-volume vessel has been made 
configurable for turbulent flow with the introduction of stirring fans. Adding fans allows 
the constant-volume vessel to produce flames in a combination of  low to high pressure 
and laminar or turbulent flow of known turbulent intensity. This is desirable for 
generating conditions like those in real combustors.  
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This work sought to use the spherically expanding flame apparatus in a constant-
volume flame vessel to image the chemiluminescence of OH* and CH* of methane/air 
mixtures at atmospheric initial pressure and temperature. Recently, several papers 
produced by this experimental group highlight the studies involved in this thesis using 
high-speed chemiluminescence imaging of OH* and CH* radicals to demonstrate the 
purpose of multi-dimensional combustion studies using species-specific images [20,21]. 
These data were used to measure laminar flame speed using a similar approach as in 
commonly used schlieren imaging. Additional combustion characteristics were obtained 
using species-specific chemiluminescence data such as spatial analysis of radical 
distribution within the spherical flame. A limitation of the chemiluminescence method 
is that they are line-of-sight (LOS) integrated, and as a result, no absolute measurements 
can be made of number densities of the radical species under investigation, especially 
when the flame becomes fully turbulent and lacks any axisymmetric nature. 
2. Planar Laser-Induced Fluorescence Imaging of Hydroxyl (OH PLIF) 
The investigation of fundamental laminar flames and controlled, repeatable, 
turbulent combustion conditions representative of real-world combustors are two 
capabilities of constant-volume flame vessels commonly used in combustion studies. 
One way to overcome the limitation of spatial averaging effects in chemiluminescence 
imaging would be to image the flame radicals such that the data are spatially resolved, 
which can be accomplished with the introduction of a laser-sheet to probe the flame. 
Planar laser-induced fluorescence (PLIF) began with the purpose of imaging two-
dimensional (2D) fields of species number densities, temperature, pressure, and flame 
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structure characteristics [22,23]. Compared to other optical diagnostics, PLIF has an 
advantage of strong signal levels and quantitative single-shot imaging. Most other laser 
diagnostics in combustion are LOS-integrated and/or point measurements that possibly 
mask critical features of the flame, specifically fluid dynamic effects and combustion 
instabilities. Previously, PLIF has been used to investigate symmetry of OH in turbulent 
combustion in hydrogen-fueled engines [24], three-dimensional temperature field 
measurement in water [25], and near-field imaging studies in high-pressure, cryogenic 
jet flames [26], among many others.  
Commonly investigated species in PLIF experimental studies include OH, NO, 
CH, and tracers in reacting and non-reacting flows [27]. The most common species 
studied in PLIF applications is OH [23,26,28–30]. With the introduction of precise, 
tunable Ng:YAG/dye laser systems and better understanding of electronic states in 
combustion radicals, experimenters have multiple options when choosing excitation 
transitions for specific studies. Factors that can affect the choice of excitation band 
include the available excitation source, laser and signal absorption affects, and spectral 
separation between the excitation and emission bands. The most common excitation for 
OH in combustion studies has been the A ← X (1,0) band near 282 nm [31–34].  
Most of the work referenced in this paper studied OH PLIF in a range of laminar 
and turbulent combustion. The present work is focused on exploring a repeatable 
apparatus for studying the fundamental, spherically expanding, laminar flames as well 
as well-characterized turbulent flames inside a constant volume vessel. Experimental 
considerations are discussed including mobilizing the laser system, probing inside a 
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constant-volume combustion vessel, and timing the laser, ignition, and imaging system 
in a repeatable manner. Precise mixtures of methane and air were burned in a spherically 
expanding flame vessel, and single-shot OH-PLIF images were recorded. Thorough 
details are provided on the experimental apparatus for future experiments. Data obtained 
in this experiment will provide a time-history of OH radicals in laminar flames, and 
absolute number densities are compared for flames of varying equivalence ratios. The 
constant-volume vessel includes the optional stirring fans, and representative OH 
profiles in selected turbulent flame are also presented. 
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CHAPTER III  
OH* AND CH* CHEMILUMINESCENCE IMAGING STUDY 
1. Experimental Apparatus 
Observing the propagation of a spherically expanding flame via imaging through 
a narrow spectral band required an ultra-sensitive imaging device that can acquire data 
at a high repetition rate.  Flames are generated inside a high-pressure vessel with a 
stagnant, combustible gas mixture ignited at the center. The chemiluminescence 
experimental apparatus used in these studies is shown in Figure 3. Shown in the upper 
right is the turbulent flame speed vessel (TFSV) where the combustion events take place. 
The imaging system used to record the expanding flame at 2 kHz is also shown in Figure 
6. These experiments were operated remotely from outside of the walls that enclosed the 
combustion vessel. 
 
Figure 3: Spherically expanding chemiluminescence imaging experimental 
apparatus. 
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a. Constant-Volume Flame Vessel  
The laminar, spherically expanding combustion events occurred within the TFSV 
described in Morones et. al [35]. The TFSV is a stainless-steel cylinder of 407 mm in 
height and 356 mm in diameter, which can produce laminar and turbulent flames at a 
wide range of equivalence ratios and initial pressures. An external valve system was used 
to fill the vessel with fuel and oxidizer to create a combustible mixture at a range of 
pressures from sub-atmospheric up to 10 atm. The optional fans provide the ability to 
stir the mixture and create known turbulence levels, but during the present laminar flame 
studies, these fans were removed from the vessel. Two copper electrodes fixed at the 
vessel wall pointing towards the center were used to ignite the mixture. Because the 
ignition takes place at a small volume in the center of the vessel, the flame expands 
symmetrically and radially outwards from the point of ignition. A 40-kV, light-duty-
truck ignition coil was used to generate a short, high-voltage spark across the tips of the 
electrodes after receiving a 5 V TTL trigger pulse from the ignition control unit (ICU). 
Four orthogonal quartz windows, 127 mm diameter, placed around the circumference of 
the vessel were used as optical ports to image the reaction and transmit the laser beams. 
Figure 4 below shows the TFSV in the experimentation cell. 
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Figure 4: The Turbulent Flame Speed Vessel. Notable 
features of the vessel are its (a) observation windows and 
(b) stirring fans. Object (c) is the imaging system that will 
be discussed later. 
 
b. High-Speed, Intensified Imaging System 
The flame propagation to the edge of the window (130 mm flame diameter) of 
most fuels occurs within the first 150 ms of combustion. These flame speeds required a 
high-speed camera to image this flame propagation: the Photron Fastcam SA-Z. This 
CMOS detector has the capability to image up to a frame rate of 2.1 MHz with reduced 
resolution, however, full resolution image frame rate of 2 kHz was sufficient for current 
experiments. With an image taken every 0.5 µs, any given combustion resulted in 
between 60 and 300 images. This camera was chosen for its high-speed capabilities, but 
it required coupling with a device that could amplify the weak chemiluminescence 
signals and a detector sensitive to ultraviolet light. 
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A high-speed external image intensifier, namely the LaVision High-Speed 
Intensified Relay Optics (HS-IRO), S20 intensifier was mounted in front of the high-
speed camera to create a signal that could be detected by the CMOS detector. The 
photocathode in the S20 intensifier functions with greater than 15% quantum efficiency 
for the short spectral bands around OH* and CH* emission. Electrons are produced by 
photons impacting the photocathode, and those electrons pass through a micro-channel 
plate (MCP). The micro-channel plate has a variable voltage applied to it which 
corresponds to the user-set gain value, which controls the amount by which the electrons 
are amplified. Electrons that leave the MCP then impact a phosphor plate that produces 
photons as it is impacted by electrons. The result is an amplification of photons that leave 
the intensifier and enter the high-speed CMOS detector. A photomultiplier tube functions 
with three main components. Figure 5 below is an illustration representing the 
intensifying system inside the HS-IRO device. 
 
Figure 5: Schematic representing LaVision HS-IRO intensifier system. 
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The intensifier, controlled via LaVision software DaVis, has a variable gain 
setting that can be changed from experiment to experiment. This capability is important, 
because each the intensity of the imaged wavelength is dependent upon flame 
equivalence ratio (𝜙) and the species observed. Generally, OH* is of higher intensity 
than CH*, and their intensities reach a maximum with temperature, which corresponds 
to peak flame speed. As a result, the intensifier gain for each (𝜙, species) pair is different, 
and a limitation of this is that absolute data between experiments, being on different 
intensity scales, cannot be directly compared.  
Using a coupler, the intensifier was mounted to the front of the high-speed 
camera, thus creating a system that amplifies the photons emitted by chemiluminescence 
and translating them into a wavelength that the CMOS detector is sensitive to. Although 
this intensifier is optimized for ultraviolet light, due to the weak signal from single-
species chemiluminescence, it was best to improve the signal-to-noise ratio. An 
ultraviolet-transmitting lens (Bernhard Halle Nachfolger GmbH., ultraviolet, 400 mm 
lens) was used to collect the emission light into the HS-IRO. In front of this lens, a 
Semrock Brightline® bandpass filter was mounted resulting in a selected wavelength 
band of light entering the ultraviolet lens. Using these filters enabled species-specific 
imaging, and the respective filters are referred to by the species they observe: OH* (315 
± 15 nm) and CH* (434 ± 17 nm). With each experiment, the required filter was applied 
to observe either total chemiluminescence, OH*, or CH*. Of course, no filter was applied 
to observe total chemiluminescence. All of these components (high-speed camera, 
intensifier, lens, filter) make up the imaging system, and a photograph of this setup is 
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shown in Figure 6.  The front end of this system can also be seen as it is looking at the 
vessel window in Figure 4. 
 
Figure 6: Chemiluminescence imaging system. 
 
With the two-dimensional images that result from these experiments, it is 
important to image a scale, because this enables calculation of absolute dimensions in 
post-processing. To achieve this, the intensifier was set to long gate width with low gain 
(<10%), and an object of known, precise dimensions was imaged. In the case of the 
image shown in Figure 7, the image shows a set of concentric rings, each 0.25” thick. In 
post-processing, this image is used to measure the pixel density. In this case, the pixel 
density of this 1024 x 1024-pixel image is 6.68 pixels-per-millimeter. Pixel density was 
used to calculate the laminar flame speed and the thickness of the radical zone. At first, 
the pixel density was measured by moving a computer mouse over the observed location 
of an edge (between the bright and dark circles in Figure 7) to roughly locate the pixel 
location of the greatest intensity gradient. This method was clearly unreliable, and 
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therefore the same Canny edge detection package used in flame speed calculation was 
used to detect the edges the circles used for scaling.  
 
Figure 7: Image used for measuring scale/pixel density. 
 
c. Integration and Timing 
There are two characteristics of these spherically expanding flames that, when 
observed by the intensifier, could cause damage to the intensifier. Proper testing and safe 
imaging of these events enabled the use of a repeatable timing system that protected the 
intensifier while allowing it to image the spherically expanding flame without losing 
necessary data. The first of these two was the relatively bright spark that occurred across 
the electrode tips. The decay time of the spark was repeatable, and as a result the 
intensifier gate was delayed constantly at 13.35 ms, creating enough time for the bright 
ionized gases to decay to a level safe for the intensifier. After the flame grew in diameter 
greater than that of the windows, it propagated to the vessel walls and reflected into the 
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vessel, creating an increase in chemiluminescence signal in the entirety of the vessel. At 
the gain levels necessary to image the spherical chemiluminescence signal, this event 
was potentially damaging to the intensifier. Between these two events, the propagation 
of the spherical flame was imaged for the measurement of laminar flame speed, as there 
was no information before or during the spark and during or after the late flame events 
usable for laminar flame speed calculations. Figure 8 is an illustrated of the imaging 
timeline with respect to the main sequence of combustion events.  
 
Figure 8: Event timeline for both combustion and chemiluminescence imaging. 
 
Each experimental run was started by filling the vessel with fuel and oxidizer to 
the required partial pressures corresponding to a given 𝜙. The initial total pressure for 
the laminar flame speed experiments was 760.0 ± 0.05 Torr, although other experimental 
cases can be performed at higher initial pressures. Meanwhile, the imaging system was 
set up with the necessary parameters including frame rate (2 kHz), initial delay (13.35 
ms), HS-IRO gain, and image duration. Gain was varied based on the strength of the 
chemiluminescence signal, which is a function of 𝜙. Image duration was another variable 
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setting, but this was dependent on the flame speed, which is a function of 𝜙. The desired 
optical filter was placed in front of the intensifier’s ultraviolet lens. Finally, the camera 
system and delay generator were armed to receive trigger inputs, and the experiment was 
initiated from a separate room away from the TFSV assembly enclosed by thick steel-
reinforced concrete walls. This process was repeated three times at each 𝜙, for the three 
wavelength bands: total chemiluminescence (no filter), OH* (315-nm filter), and CH* 
(434-nm filter). The value of 𝜙 was varied between 0.7 and 1.3 in increments of 0.1, 
yielding a of total 21 runs.   
2. Results and Discussion 
a. Laminar Flame Speed 
The data resulting from the chemiluminescence imaging experiments are a 
sequence of images of the spherically expanding flame front. In the current study, 
sequential images are separated by 500 s , and the data were acquired at 2 kHz and a 
65 μs gate width. The three datasets in Figure 9 are the results of three separate 
experimental runs, and they are a sample that is representative of the rest of the data. 
Any given data set resulted in anywhere between 60 and 200 images. In the images the 
black, horizontal lines are the electrodes where the spark is generated, which is also 
consistent with the camera view illustrated in Figure 3. Inside the false-color blue circle 
are the combustion products, and within the black background area surrounding the circle 
is the mixture of unburned gases. After the combustible mixture is ignited across the 
electrode tips, the flame propagates radially outwards from the point of ignition, until it 
reaches the vessel walls. The signal from each image corresponds to the applied 
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wavelength filter that is denoted for each row of images. The data between different 
wavelengths were acquired using different gain settings of the intensifier. 
 
Figure 9: A Sample series of time-resolved 
chemiluminescence images. For this experiment, ϕ = 
1.1 was held constant. The frame size of each image is 
approximately 15.2 x 15.2 cm. From [21]; reprinted 
by permission of the American Institute of 
Aeronautics and Astronautics, Inc. 
 
These images are visually similar to schlieren data used in laminar flame speed 
calculation [36]. Laminar flame speed calculations are traditionally performed using a 
series of high-speed images of density gradients that illustrate the propagation of the 
flame over a known time. Image processing algorithms detect the flame edge (the 
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prominent circle of the flame) and calculate 
𝑑𝑟
𝑑𝑡
 of the stretched, burned flame. Through 
the reactant and product density ratio and flame kinetics, the stretched, burned flame 
speed is converted to a value representing an unstretched, unburned mixture. Because of 
the similarities to the schlieren data, it is possible that chemiluminescence data could be 
used to calculate laminar flame speed, as discussed in detail by Turner et. al. [20]. 
b. Radical Zone Thickness 
i. Inverse Abel Transform of LOS-integrated Images 
As stated previously, chemiluminescence imaging is limited in that it is LOS-
integrated, meaning that absolute information concerning population distribution of the 
observed radical cannot be obtained with the raw images. The inverse Abel transform is 
a derivative-based numerical method used to construct a 2D slice of a 3D object from an 
image of integrated, axisymmetric data. There are different methods by which to 
compute this transform, but all are sensitive to noise [37]. The most efficient of the 
methods is the Hansen and Law method [37].  These experiments used the Python 
package PyAbel, which contains an array of image processing functions with the purpose 
of evaluating the forward and inverse Abel transforms [38]. The inverse Abel transform 
was used to study the time-history of the thickness of the radical zone.  
 One requirement of the Abel transform function is that the object within the 
image has a center that corresponds to the pixel center. The electrode tips were not 
perfectly centered within the image. This resulted in an off-center image that was 
centered in post-processing. Also, due to buoyancy effects, lean flames were lifted 
upwards over time. The application of the “abel.tools.center.center_image” function 
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created flame-centered images that were input into the inverse Abel transform function. 
With the current edition of the PyAbel package, there were three functional centering 
methods: center of mass, convolution, and slice. Center of mass functions by finding the 
center of mass according to pixel intensity. This works well for the two-electrode images. 
The convolution method takes a convolution of two projections along each axis. The 
third method, slice, compares adjacent angular slices, of size dr, for symmetry based on 
the radial location of peak intensity in each slice. Figure 10 provides an example of the 
various centering methods for a lean flame (𝜙 = 0.7, OH*). In this case, the electrodes 
are off-center, and the flame has risen such that the horizontal centerline is out of plane 
with the electrodes. Upon inspection, center of mass and convolution provide a usable 
centering method for the Abel inversion.  
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Figure 10: (a) Original, off-center image. (b) Center of mass by 
pixel intensities. (c) Convolution of x and y axes. (d) Slices 
compared for symmetry. Intersection of red lines marks the image 
center. 
 
 Although center of mass and convolution appeared to produce the same results, 
an angular integration of the methods highlighted the difference between their outputs. 
The angular integration was done with a built-in function within the PyAbel package, 
and it is called “abel.tools.vmi.angular_integration”. The function returned the intensity 
profile as a function of the radius [38]. Figure 11 illustrates the angular integration 
profiles for the images shown in Figure 10. It became clear that convolution produced 
the sharpest intensity profile, implying that it centers the near-circular flame image 
objectively better than the other two methods. Now, a method was established by which 
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to center images before performing the inverse Abel transform. This method was 
repeated for other images to solidify confidence in the convolution method.  
 
Figure 11: Angular integration profiles for the centering methods: center of mass, 
convolution, and slice. The raw image is included for absolute comparison. 
 
Before moving forward with this analysis, a certain discretion is to be made. A 
separate set of chemiluminescence experiments were performed through a different port 
of the combustion vessel, resulting in images where the electrodes were one behind the 
other on the left side of the image. Convolution centering was useful for the images 
where the electrodes were symmetric and visible on both sides, however, for other 
chemiluminescence experiments, convolution did not provide usable images. Therefore, 
a similar study was conducted for the asymmetric images to verify a usable centering 
method for the Abel inversions.  
With an established centering method, convolution-centered images were Abel 
inverted by the “transform” method of the “abel.Transform” class, i.e. 
 25 
 
“abel.Transform(image).transform”. There were various Abel transform methods: 
BASEX, Direct, Hansen-Law, Lin-Basex, Two Point, Three Point, Onion Peeling 
(Dasch), Onion Peeling (Bordas), Polar Onion Peeling, and Fourier-Hankel [38]. Due to 
the incompleteness of the PyAbel package,  the Hansen-Law method was performed for 
these images. Hansen-Law transform was preferred for its speed and low noise levels. 
Python implementation of this method required specifying both the method name as well 
as the direction: “forward” or “inverse”. As stated earlier, the forward transform 
constructs a LOS-integrated image from a slice of a 3D, axisymmetric volume, and the 
inverse transform generates a slice of the 3D volume from a LOS-integrated image. 
Figure 12 shows pre- and post-inverted images by the Hansen and Law inversion. Figure 
12b is the derivative of the integrated image, Figure 12a, resulting in a 2D slice of OH* 
within the flame volume. Inverted images resulted in a high-contrast flame edge with a 
bright line in the vertical center of the flame. The exact cause of this vertical line is 
currently unknown, but it is certainly an artifact of the numerical inversion algorithm. 
Flame features originally masked by low contrast became more visible after inversion, 
such as wrinkles close to the edge of the flame. 
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Figure 12: (a) Stoichiometric, methane-air flame, OH* 
chemiluminescence image (1024x1024 pixels, 6.68 pixels-per-mm). (b) 
Hansen and Law Abel inverted image of (a). 
 
An angular integration from the flame center to the edge of the image quantified the 
differences between the two images, shown in Figure 13. There was a slight but 
noticeable shift in the profile peaks, where the peak signal of the inverted image was 
slightly further from the flame center compared to the original image. The shift can likely 
be attributed to the reduction in signal inside the flame edge as a result of the inversion, 
and the uncorrected image has a peak intensity that is slightly inside the circle edge. As 
the radius increases, the effect from signal integration was reduced, and the inversion 
effect was weakest at the edge of the flame. This could provide an explanation for the 
shift in signal peaks. The result of the inversion was as expected: the inverted signal was 
less than 20% of the peak within most of the flame volume, and there was a rapid increase 
in signal 3 mm before the peak. This rapid signal increase was expected: because OH* is 
a marker of the reaction zone, the population density of OH* should increase near the 
surface of the flame volume. From this angular integration of the Abel inversion, the 
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full-width-at-half-maximum (FWHM) was calculated by interpolation between the two 
points on either side of 0.5 in the y-values.  
 
Figure 13:Angular integration profiles for pre- and post-Abel-inverted images. 
The radial location zero is the center of the flame. 
 
ii. Radical Zone Thickness Time-Histories 
A spatial, quantitative analysis can be done with the radial profile of the 
investigated radical, OH* or CH*, to estimate the thickness of the radical zone. For this 
study the FWHM was decided to estimate the thickness of the radical zone (i.e. the region 
of highest number density for OH* and CH*), and it is the x-axis width of the area at 
which the y-axis variable is equal to half its maximum value. The exact process of 
calculating FWHM involved a Python algorithm which extracted the values from the 1D 
array of normalized y values greater than 0.5, into a smaller array. The beginning and 
end of the extracted array are slightly greater than 0.5, and the y values located just 
outside of these extremes are slightly less than 0.5. Using these 4 values and their 
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corresponding radial locations (x-axis), two interpolations were carried out to estimate 
the radial positions of 0.5 in the y-values. Recalling that this Abel transform is not exact 
and is merely a numerical estimation of the 2D radical profile in the slice of the flame 
volume, no additional information could be inferred regarding the thickness of a single 
flame image. However, this algorithm was used for a series of flame images to 
investigate the time history of the radical zone thickness. The implementation of this 
concept in Python involved evaluating the FWHM for each image in a series of images 
of a single flame. With the knowledge of the frame rate and the FWHM every 50 𝜇s 
throughout the propagation, a plot was made of the thickness over time for a single flame 
propagation experiment, and the differences between radical zone thicknesses were 
compared for each mixture. A sample of the data is shown for a stoichiometric methane-
air flame in Figure 14. 
 
Figure 14: Radical zone thickness time history for stoichiometric methane-air 
mixture. 
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The trends show that zone thicknesses grew by about 3 mm until the last few 
images. The drastic increase in slope at the end of both OH* and CH* plots was likely 
due to part of the flame edge reaching the camera view, because the flame edge did not 
cross the window edge uniformly. Because of this, the final 4 datapoints of both plots 
are likely not representative of the flame’s radical zone thicknesses, but the points were 
nonetheless included in the figures to show the effects of irregularities in the data. A 
collection of the zone thickness plots for the lean and rich mixtures is shown in  Figure 
15. 
 
Figure 15: Radical zone thickness plots for lean and rich methane-air mixtures. 
 
There were rapid slope increases within the last few datapoints for each dataset. 
Again, these can likely be attributed to the flame crossing the edge of the window with 
respect to the view of the camera. The chemiluminescence signal peaked along with 
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flame speed (𝜙 = 1.1), and leaner and richer flames required higher intensifier gains that 
reduced the signal-to-noise ratio. This situation, along with non-circular flame profiles, 
accounted for the fluctuations in the zone thicknesses for 0.7, 0.8, and 1.3 equivalence 
ratio flames. There was also observed an effect in the flame location due to buoyancy of 
the lean flames: throughout the lean flame propagation, the flame volume was lifted 
towards the top of the vessel, and this effect affected the RZT algorithm. The OH* profile 
for 0.7 is trough-like and unique in that the thickness decreases until 55 ms, and then the 
thicknesses rapidly increases to nearly 1 cm. There were other irregularities in the data 
such as the 5-point spike in OH* thickness for 𝜙 = 1.3, and their causes are currently 
under investigation. For 𝜙 = 1.0 and 1.1, as shown in Figure 14 and Figure 15, 
respectively, the OH* thickness was greater than for CH*; however, the opposite is true 
for all other equivalence ratios that were tested. 
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CHAPTER IV  
OH PLANAR LASER-INDUCED FLUORESCENCE 
1. Experimental Apparatus 
Two lasers are employed to assemble the OH-PLIF imaging system in spherically 
expanding, laminar and turbulent flames. The first of these two lasers was a solid-state, 
nanosecond, frequency-doubled, neodymium: yttrium aluminum garnet (Nd:YAG) laser 
(Spectra-Physics, QuantaRay LAB 130) providing an output at 532 nm wavelength. 
After the initial warm up, the peak laser energy was 190 mJ/pulse at the 10-Hz repetition 
rate. The 532-nm output beam was used to pump a tunable dye laser (TDL) (Continuum, 
ND6000). The TDL dye mixture contained Rhodamine 590 dissolved in methanol 
(CH3OH). The output wavelength from TDL was monitored using a wavemeter 
(HighFinesse, WS7). The tunable dye laser output at 565.500 nm was subsequently 
frequency-doubled in a beta-barium borate (BBO) crystal to obtain UV radiation in the 
282.750 nm wavelength.  
The frequency doubled beam outside of the dye laser was transmitted into the 
experimentation cell. Then the UV beam was guided into the combustion vessel using 
several dielectric laser mirrors. Sheet-forming optics converted the laser beam into a 
vertically expanding and horizontally focused sheet, resembling a two-dimensional 
plane. The sheet-optics consisted of a UV fused silica, planoconcave, cylindrical lens (f 
= -25 mm, 20x30mm), and a 2”, spherical, planoconvex lens (f = +500 mm) with anti-
reflection coating near 283 nm. The optics were placed such that the sheet was focused 
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at the center of the vessel, and the sheet width at the focus was imaged using a beam 
profile camera (Ophir, BeamGage) and was estimated to be approximately 290 m. 
According to the LIFBASE software package and previous work [39], the 
excitation wavelength of the Q1(5) transition in the OH A←X (1,0) band is at 282.750 
nm. A wavelength scan was performed prior to the actual OH-PLIF experiments, to 
verify the proper laser wavelength. A Hencken calibration burner was configured to 
produce a stoichiometric methane-air flame, and the laser was tuned across the expected 
wavelength range. At each wavelength, the BBO crystal was rotated to change the 
incident beam angle on the face of the crystal, to maintain a fixed 10 mJ/pulse beam 
energy. For each wavelength scan, an average of 100 consecutive OH-PLIF images was 
recorded using an intensified charge-coupled device (ICCD) camera (Princeton 
Instruments, PI-MAX4). From a total integration in both x and y directions of each 
image, a single value represents the total OH fluorescence signal was obtained at each 
laser wavelength. This study was used to verify the excitation wavelength of the laser as 
provided by LIFBASE calculation. Figure 16 provides a sample OH PLIF image, and 
the plot on the right is generated from the result of the wavelength scan.  The peak signal 
occurs when the laser wavelength is around 282.750 nm, as expected. With the excitation 
wavelength confirmed, the mobile laser system was moved to the flame speed laboratory 
for spherically expanding PLIF experiments. 
Spherically expanding flames are generated in the vessel placed inside a separate 
chamber in the flame speed laboratory. In general, high-speed schlieren imaging is used 
to obtain the propagation of the density gradient, which is then used to obtain the flame 
 33 
 
front location for subsequent calculation of the laminar flame speed by many 
experimental groups [16,17,36]. The most recent facility in the flame speed laboratory 
is the turbulent flame speed vessel (TFSV), and it contains orthogonal fans for creating 
known turbulent intensities in the combustible mixture. The vessel also has the capability 
to produce laminar flames by removing the stirring fans. Morones et al. described the 
design and construction of the TFSV and studied the turbulent capabilities of the vessel 
[35]. The most recent studies using the TFSV explored an application of two-
dimensional chemiluminescence imaging for measurement of laminar flame speed and 
species time history data as described in the previous section [20,21]. As detailed by 
Morones et al., vessel ignition is controlled by an ignition control unit made in-house. 
The outputs of the ignition control unit include a 12-V power supply and a 5-V trigger, 
operating an automotive ignition coil. Upon receiving the 5-V trigger pulse, a relay 
closes, creating a high voltage spark across the electrode tip and the grounding rod 
centered in the vessel. For these experiments, the ignition coil trigger was created by a 
delay generator, independent from the ignition control unit. 
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Figure 16: Wavelength scan results as compared to the ideal excitation 
wavelength as provided by LIFBASE for stoichiometric CH4-air flame. An 
example OH PLIF image of the Hencken calibration flame is shown in the left. 
 
The TFSV can produce initial mixture pressures up to 10 atm. Blast-proof walls 
containing the flame speed vessel protect the operators against explosion accident and 
the entire facility was remotely operated. Because these studies were conducted in a 
separate laboratory, it was necessary to build a mobilizing cart for the laser system that 
enabled the laser to be moved close to the experimentation room for short time durations. 
The upper of the two levels of the cart supported the laser heads and Nd:YAG control 
panel, and the remaining room on the upper table was used for the dye laser and mounting 
the frequency-doubling crystal, as well as optics directing the beam into the test cell 
containing the flame speed vessel. The lower level held the power supply and cooling 
system for the Nd:YAG laser and the dye circulator. Figure 17a shows the fully-
assembled, mobile laser cart along with the laser system in place.  
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Figure 17: (a) Laser cart with Nd:YAG laser and tunable dye laser. (b) The laser 
cart parked outside the test cell containing the flame speed vessel to the left of the 
cart. 
 
The blast walls of the experiment cell are made of rebar-reinforced concrete, and 
the room was too small to fit the laser cart inside. Because of this, the cart was placed 
close to the cell wall with the beam parallel to it, as shown in Figure 17b. A hole was 
drilled through the wall, and by adding a 45-degree, ultraviolet mirror, the beam was 
passed into the test cell. A periscope elevated the beam to the middle plane of the vessel, 
and several more ultraviolet mirrors were used to direct the beam into the vessel. The 
sheet-forming optics created a diverging sheet that passed through one of the vessel 
windows and in between the pin electrodes. An estimated energy loss was ~10% from 
the BBO crystal to inside the vessel. This schematic of the entire experimental 
configuration is illustrated along with other experimental components in Figure 3. 
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Figure 18: Spherically expanding, OH PLIF experimental configuration. 
 
The ICCD camera contains an external trigger used for single-shot imaging 
where the master trigger is external to the imaging system. The detector produced 
1024x1024 pixel images, providing high-resolution detail of flame structures. This high-
resolution capability is particularly useful for complex combustion environments 
including turbulent combustion at high pressures and high temperatures that are relevant 
to gas turbine combustors and internal combustion engines. Princeton Instruments 
software, LightField, was used to control the ICCD gating and other imaging variables. 
A 500-ns fixed intensifier gate width was used throughout the experiments. Although 
the laser pulse was only 10 ns, a relatively wide gate provided room for jitter in the laser, 
delay generator, and internal camera hardware. A gain of 100% was used throughout the 
experiments, and this made comparison of data easier between different experimental 
runs. A 45-mm, f/1.8 UV camera lens (Bernhard Halle Nachfl) was mounted on to the 
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ICCD camera, and a 315-nm bandpass filter (Semrock, FF01-315/15-50) was mounted 
at the front end of the camera lens to block laser scatter and unwanted flame illumination.  
A delay generator (DG) (Stanford Research Systems, DG645) synchronized the 
laser pulse, ICCD gate, and the vessel ignition, as illustrated in Figure 19. Some variable 
time, x, after the initial pulse, the DG triggered the ignition coil for a duration of 3 ms. 
A variable ignition time enabled controlling the imaging time during the flame 
propagation. The ICCD gate opened 200 ns before the rising edge of the laser pulse. As 
the spherically expanding flame propagated to the vessel walls, the ICCD camera 
recorded a single-shot resulting in 2D OH-PLIF profile within the flame.  
 
 
Figure 19: OH PLIF experimental timeline. Variable x controlled the time of the 
image. From [21]; reprinted by permission of the American Institute of 
Aeronautics and Astronautics, Inc. 
 
 
2. Results and Discussion 
The results to be discussed in this section consist of three separate experiments: 
time-series of a stoichiometric mixture, constant-volume flame images across varying 
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equivalence ratios, and imaging in turbulent flames. Shown in Figure 20 are the 
uncorrected OH PLIF images resulting from incrementing x (Figure 19) by 2 ms steps 
until the flame had propagated past the observation window. This flame was produced 
from a stoichiometric (𝜙 = 1.0) CH4 + air (O2 + 3.76N2) mixture. The initial pressure 
and temperature were 1 atm and 300 K, respectively. In the middle of the frame on the 
left half, one of the ignition electrodes can be visible, and the other grounding electrode 
is located behind that electrode. The laser sheet passed through the window on the left 
side, through the flame from left to right. It is necessary to note that because each 
experiment provides one resulting image, each of these images was acquired in a 
separate, sequential experiment.   
 
 
Figure 20: Time-series of OH PLIF images in a stoichiometric methane-air 
mixture at 1 atm pressure. 
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These images indicate a higher OH distribution towards the beginning of 
combustion. The PLIF images shown are not corrected for irregularities in the laser sheet 
as well as quenching and fluorescence trapping. Subsequently, PLIF signal are calibrated 
using the Hencken calibration burner operated inside the flame speed vessel. A series of 
PLIF images like these are like those produced in high-speed chemiluminescence 
measurements mentioned previously, however, the PLIF images corresponding to a 
specific 2D plane and can be especially significant in the case of turbulent flames. The 
OH PLIF data can provide the necessary information to calculate laminar flame speed as 
well as time-resolved species information for chemical kinetics model development in 
laminar and turbulent flames. 
 
 
Figure 21: Hencken calibration flame images as a function of the equivalence 
ratio. 
 
 To quantitatively analyze OH PLIF images, calibration was performed using a 
Hencken calibration burner. With a flame lifted above the burner surface and with a 
shroud gas that reduce flame instabilities, the Hencken flame was assumed be adiabatic. 
Hencken 
burner 
 40 
 
The central regions of the Hencken burner flames shown in Figure 21 were used for 
equilibrium calculations (5-25 mm above the burner surface), and the average counts 
within the equilibrium region were correlated to OH number densities for the same 
mixture using the STANJAN equilibrium code. The calibration burner was configured 
such that it could be probed within the flame speed vessel, and the flame images acquired 
have the same excitation and detection efficiency of the spherically expanding flames. 
Calibration images were acquired for the full range of equivalence ratios used in the 
experiments, and at varying heights in the burner to account for changes in the beam 
profile. There are clear instabilities and non-uniformities in the lean and rich flames, and 
these may cause some uncertainty in the results when estimating the area of equilibrium 
within only a 20 mm x 17 mm region of the Hencken flames.  
 
Figure 22: Constant-radius flame images taken from individual OH PLIF 
experiments. In the upper left of each image, the list of values indicates 𝝓, time 
after ignition (ms), and beam energy (mJ). 
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The second set of images were acquired with the aim of comparing OH number 
density as a function of equivalence ratio, and the results are shown in Figure 22. One 
consideration for these data are that equilibrium conditions can be only present in the 
middle post flame region, and close to the outer diameter a state of non-equilibrium can 
be present. Hence typical OH PLIF images like these can provide extremely valuable 
information for flame modelers. Another important aspect of these images is that the 
flames are of similar diameter and can be used to compare the flame front location and 
OH distribution profile as a function of flame equivalence ratio. Upon visual inspection, 
peak OH-PLIF signal is found to be located between 𝜙 =0.9 and 1.0, and the 
concentration tapers on either side of the peak. This OH profile appears to have a slightly 
greater gradient for rich mixtures as compared to the lean ones.  
 
Figure 23: (a) Image counts as a function of the radial position. (b) Corresponding 
OH number densities after implementing calibration flame data and STANJAN 
equilibrium calculations as discussed in the text. 
 
With the Hencken burner OH-PLIF images, and equilibrium data for OH 
concentration, a ratio was derived resulting in OH number density per pixel count. This 
ratio is applied to the raw radial intensity profiles shown in Figure 23a obtained from the 
images in Figure 22, resulting in calibrated OH number density profiles, as shown in 
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Figure 23b. The rich data shown here can be critical for validation laminar flame models 
and will be discussed in separate publications. 
To demonstrate OH PLIF imaging in turbulent flames, the orthogonal stirring 
fans were installed in the vessel to stir the mixture and induce turbulent flow. Because 
the ignition control unit controlled the timing between the fan motors and the ignition 
spark, and that for these experiments the ignition coil was triggered externally, the 
control unit could not repeatably turn on the fans at the same time before each ignition. 
For this reason, the fans were turned on several seconds prior to ignition, spinning at 
2000 rpm, and remained on during the combustion process. These flames are simply 
some representative cases present in practical combustors, and these experiments can 
reveal flame features undetectable by simple chemiluminescence imaging.  
 
Figure 24: OH PLIF images in sample turbulent flames recorded from three 
individual experiments. The time indicated on each image is the time after 
ignition. 
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CHAPTER V  
CONCLUSIONS 
1. Chemiluminescence Imaging 
The first part of this thesis research was devoted to developing high-speed 
chemiluminescence-based diagnostics for spherically expanding flames.  The objective 
was to obtain time-resolved species time histories during the flame propagation as well 
as to compare the laminar flame speed calculations against commonly used schlieren-
based imaging method. This work utilized a repeatable apparatus for 2D 
chemiluminescence imaging of OH* and CH* in spherically expanding flames to expand 
the dimensionality of data reduction when compared to the schlieren method for laminar 
flame speed measurements. The data recorded were used for laminar flame speed 
calculations and agree well with previous schlieren-based results. In addition to simply 
obtaining only the flame speed, the Hansen and Law Abel inversion was applied to obtain 
the species-specific images. Angular integrations were performed to estimate the radical 
zone thickness. Time-histories of the RZT calculations showed there is a need for 
improvements in the data quality. One suggestion for improvement is an increase in the 
signal-to-noise ratio. This could be improved by elimination of a mirror that may absorb 
some of the flame emission. Another improvement would be generation of more 
spherically uniform flames, and this can be done by reducing the spark gap and making 
sure that the electrodes are flat and lie within the same plane. The chemiluminescence 
data is line-of-sight averaged and lack spatial resolution, and therefore they can only be 
used to obtain one-dimensional species time histories to Abel inversion only when 
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perfect cylindrical symmetry can be assumed.  Therefore, more advanced planar imaging 
is required for turbulent flame conditions relevant to realistic combustion hardware, 
leading to the laser-based PLIF imaging development performed subsequently. 
2. Hydroxyl Planar Laser-Induced Fluorescence 
Time-resolved OH PLIF images of spherically expanding methane-air flames can 
be used for laminar flame speed calculations as well as validation of numerical flame 
models with full chemical kinetics mechanisms during future work. The laminar flame 
data that resulted from this work will be useful for developing time histories of OH 
concentration distribution as well as comparison between experiments of varying 
equivalence ratios. Constant-volume, calibrated OH-PLIF images show differences in 
the OH gradient profiles between lean and rich conditions, however, the primary 
application of OH PLIF becomes critical in turbulent flame conditions as described 
above.  As a proof-of-principle demonstration, relative OH concentration images were 
detected in turbulent flames, and these data reveal fine details of flame features that may 
not be resolved by simple chemiluminescence imaging. Future work will include more 
detailed experiments under known turbulent intensities. The turbulent data are 
particularly useful for a more fundamental study of the turbulent flames that occur in the 
most practical engines. Future work will also investigate excitation of other radicals such 
as CH radical to compare with previous chemiluminescence experiments and generate 
rich data sets of 2D time-resolved radical concentrations for chemical kinetics studies of 
various practical fuels and fuel blends. 
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